It is generally believed that at steady state, a heavy fluid mixture cannot float, without motion, at the top of a light fluid mixture in a cavity. The expectation is that because of pressure diffusion, segregation occurs with the light fluid at the top and the heavy fluid at the bottom. We present, for the first time, an extensive set of measurements in 5-km vertical wells in a large hydrocarbon formation of 1-km thickness with horizontal dimensions on the order of several kilometers that show a high-density fluid mixture at the top of a light-density fluid mixture at steady state. The data in the 5-km wells show liquid in the middle, and vapor at the top and bottom. In the hydrocarbon formation, there is a gradual decrease of density with depth.
Introduction
Hydrocarbon formations are large porous media saturated with hydrocarbon fluid mixtures in the Earth's subsurface with a thickness of as much as 1 km or more, and horizontal dimensions on the order of kilometers or more. In these formations, denser fluid mixture is at the bottom, and lighter fluid mixture is at the top. The species distribution follows density distribution; methane, which is usually the main component and often the smallest molecule of the fluid mixture, is more concentrated at the top, while large molecules are more concentrated at the bottom. These variations are commonplace despite the geothermal temperature gradient in the Earth.
The variation of species and density in an isothermal medium can be described by invoking the Gibbs criterion of thermodynamic equilibrium 1 in the gravity field for an n-component fluid mixture, which leads to the following differential equation 2 : In the above equation, the chemical potential of component i, i , is a function of composition and pressure; it varies with vertical position z (z is chosen to be positive downward in Eq. 1). Other symbols in Eq. 1 include M i , the molecular weight of component i, and g, the gravitational acceleration. Given composition and pressure at a reference point in the z-direction, Eq. 1 can be used to calculate the variation of composition and pressure as a function of depth (z) or height (-z).
Various authors have used Eq. 1 to investigate the distribution of species in hydrocarbon formations. 3, 4 In such calculations, the fluid density increases with depth. The concentration of the smallest molecular weight component, that is, methane, decreases with depth, 2 and that of heavy species increases with depth. Abundant data from hydrocarbon formations from different parts of the world (both onshore and offshore) are in qualitative agreement with predictions from Eq. 1. 3, [5] [6] [7] The general consensus among geoscientists, and especially petroleum engineers, is that there is always vapor at the top and liquid at the bottom whenever there is more than one phase. Results from Eq. 1 are also in support of phase segregation.
We have recently conducted an extensive set of pressure, composition, and temperature measurements in a large gas field in Japan in order to investigate its unusual fluid distribution. Data in several 5-km-deep vertical wells that extend from the Earth's surface to a depth of 5 km, and in the 1-km-thick formation, are measured. The data from the wells show that there exists a motionless liquid in the middle with lighter vapor at the top and the bottom of the well. This is the first report of such an observation in geoscience and petroleum engineering literature to the best of our knowledge. Careful measurements in the hydrocarbon formation show that 1. Methane concentration increases with depth. 2. The concentration of heavy species, which are grouped as heptane-plus (heptane and heavier species), decreases with depth.
3. The fluid density decreases with depth. These are also the first reports of their kind in the literature to the best of our knowledge. Previously, Temeng et al. 8 reported a heptane-plus decrease with depth in a hydrocarbon formation in Saudi Arabia without conclusive evidence. Our measurements both in the formation and in the wells (which are connected) confirm the existence of a dense fluid mixture floating on the top of a light fluid mixture.
In this article, we first present the measured data in detail, and then use a model based on the irreversible thermodynamics to interpret the fascinating trends in the data.
Measured Data
We conducted extensive measurements in the naturally-fractured Yufutsu field, which is located in Hokkaido, Japan. The hydrocarbon formation comprises granite (age‫001ס‬ to 120 Ma) and conglomerate (age‫73ס‬ to 50 Ma) with negligible permeability and porosity; it has approximate horizontal dimensions of 4×8 km with a maximum thickness of 1 km. The top of the formation is at 3800 m subsea level (SSL) from the Earth's surface. The pressure at 4500 mSSL prior to producing hydrocarbons from the formation was 550 bar. Production of hydrocarbons began in February 1996. The temperature at 4500 mSSL is around 423 K. There is a horizontal temperature gradient of about 0.5 K/km in the formation. The vertical temperature gradient in the formation is about 2 K/100m and in the wells is approximatively equal to 2.5 K/100 m.
Measured data from fluid samples in various locations in the formation establish that the fluid is a near-critical gas in single-phase state. Vapor is defined as the fluid with temperature greater than the critical temperature.
A total of 12 wells has been drilled into the Yufutsu field. Various measurements from the wells establish good communication in the formation. Pressure interference testing between the wells establishes that all the wells have good communication with each other; the interference testing thus reveals horizontal communication in the formation. Tracer testing within each well by injection of tracer from the top and tracer detection from the bottom reveals good vertical communication. In addition to pressure interference testing and tracer testing, the initial formation pressure from all the wells provides the evidence of good communication in the entire formation.
In the Yufutsu field, only one well has been used for fluid production. Several wells are used as observation wells; there is no continuous fluid production from the observation wells except for short duration for testing purposes. These wells provide the opportunity for pressure measurement. Fig. 1 shows a schematic of a well and the formation. Fig. 2 shows the measured data in four different wells located in different parts of the field (see Fig. 3 for well locations). Fig. 2a shows measured pressure in the wells. Pressure is measured within the continuous hydrocarbon column inside the well tubing. The data show a high-pressure gradient in the middle at a depth of around 2500 m. Using the pressure data, one can use the simple hydrostatic pressure expression dp=gdz to calculate density when there is no convection, where p and are pressure and density, respectively. We will later discuss the fact that natural convection is negligible in the formation and in the shut-in wells at steady state. Fig. 2b depicts the density data. At the bottom of the well tubing, the density is around 400 kg/m 3 ; it gradually increases to over 500 kg/m 3 in the middle of the well tubing. Then there is a sharp density decrease to about 350 kg/m 3 . A density of 500 kg/m 3 corresponds to a liquid mixture while a density of 400 kg/m 3 and less corresponds to a vapor mixture. The correspondence between density and phase state will be discussed later. Pressure data and densities at different time intervals demonstrate that a steady state has been established for the data presented in Fig. 2. Fig. 4a shows measured pressure data for Well MY2 at different time intervals after the well is closed at the surface. Note that the wells are always connected to the formation. The pressure data show that a steady state is reached after a few days of shut-in from the surface. Calculated densities from pressure data in Well MY2 also show the establishment of steady state (see Fig. 4b ). Results for other wells show the same trend as in Well MY2.
The composition, density, and pressure data in the formation from Well AK1 (which is about 5 km from MY2, see Fig. 3 ) are shown in Fig. 5 . Fig. 5a shows that methane concentration decreases from about 81% (mole) at the bottom to about 79% at the top of the formation in Well AK1. Data also reveal that the high molecular weight species are more concentrated at the top; heptane plus concentration increases from about 5% at the bottom to about 6% at the top (see Fig. 5b ). Both methane and heptane-plus concentrations have an unusual vertical distribution. The data in the literature have an opposite trend 3, [5] [6] [7] ; methane concentration decreases with depth, while heptane-plus concentration increases with depth. Fig. 5c shows measured density with a decreasing trend vs. depth in the formation; the fluid density at the top is 25% higher than that at the bottom. The measured dewpoint pressure is shown in Fig. 5d ; the dewpoint pressure increases significantly with depth. For the published data in the literature, the dewpoint pressure has the opposite trend.
Theoretical Background
Pressure gradient in an isothermal cavity containing a multicomponent mixture results in a diffusion mass flux (the so-called pres- sure diffusion) and leads to the segregation of the large molecules to the high-pressure side. In a gravity field, the high-pressure side is the bottom in the direction of depth increase. The segregation expression in the form of the simple differential equation, that is, Eq. 1, can predict the effect of pressure diffusion (in the gravity field) on species spatial distribution at isothermal conditions. The use of Eq. 1 may not produce valid results in a nonisothermal field. In subsurface hydrocarbon formations, temperature increases around 2 to 4 K/100 m with depth. When there is no gravity effect, a temperature gradient in a hydrocarbon formation may result in the segregation of the light components (methane, for instance) toward the hot side (bottom of the formation) and the large molecular species (heptane-plus, for instance) toward the cold side (top of the formation) because of thermal diffusion-the so-called "Soret effect."
In a nonisothermal multicomponent system, three diffusion processes compete: pressure, thermal, and molecular diffusion (Fickian diffusion, which has the tendency to homogenize the multicomponent mixture). The species distribution is mainly the result of these three competing diffusion processes in a convection-free system. When there exists a horizontal temperature gradient, convection always occurs in the formation; it is, consequently, the combined effect of convection and diffusion that determines the phase and species distribution in a formation.
In a theoretical study, Riley and Firoozabadi 9 have included the effect of convection and all three diffusion processes on species distribution in a cavity. They demonstrate that for a binary mixture of methane and normal butane with typical horizontal and vertical temperature gradients of hydrocarbon formations, methane (light component) segregates to the bottom region when the permeability is low. This tendency from the thermal diffusion overrides pressure diffusion (that is, gravity), so that butane (heavy component) "floats" above methane. Riley and Firoozabadi selected methanebutane mixture because thermal diffusion coefficient, molecular diffusion coefficient, and volumetric behavior have been measured for this binary. In two recent papers, Bou-Ali et al. 10, 11 present experimental data in annular slot of height equal to 44 cm and annular gap width equal to 0.193 cm (aspect ratio ≈ 220) in the so-called thermogravitational column, and they demonstrate that in fact the coupling of convection and thermal diffusion can give rise to a steady state adverse density gradient; a heavy liquid mixture floats on the top of a lighter liquid mixture in a thermogravitational column with a horizontal temperature gradient of 10 4 K/m. These authors considered binary mixtures of benzene and toluene with methanol and ethanol.
In the Yufutsu field, because of the combined effect of low horizontal temperature gradient, the low effective permeability (below 0.1 md in most parts), and the near-critical fluid, 2 the effect of convection on the fluid distribution in the formation can be neglected. We modeled convection in some calculations, and the results show that in fact convection is negligible at low permeability, as we will discuss soon.
Until very recently, there were no sound models for thermal diffusion flux and thermal diffusion ratios for a mixture of more than two components. Firoozabadi et al.
12 derived a theoretical model for thermal diffusion ratios using the thermodynamics of irreversible processes and the molecular kinetic approach incorporating explicitly the effect of nonequilibrium properties and equilibrium properties. With their formulation, we can proceed to model the data presented in Figs. 2, 4 , and 5.
It is established in the literature that the effect of thermal diffusion on the species spatial distribution increases as the critical point is approached. 13, 14 From the model derived by Firoozabadi et al., 12 it has been shown that the thermal diffusion effect is closely related to the distance to the critical point; the closer the multicomponent mixture is to the critical point, the more signifi- cant is thermal diffusion. Because of the near-criticality of the hydrocarbon mixture in the Yufutsu field, thermal diffusion is the main phenomenon affecting compositional variation; it causes the unusual observations discussed in the previous section.
In the theoretical modeling presented in the following, we do not include the process of filling, leakage, and biodegradation in the formation. We have carried out, however, calculations for the transient time with and without convection. An element of the formation of width equal to 1 km and thickness equal to 100 m was filled with a homogeneous fluid mixture from the reference interval (data to be presented in next section). It takes 1 to 3 million years to establish steady state from the combined effect of the three diffusion processes. With convection, it takes somewhat longerabout 2 to 6 million years for permeabilities of 0.01 to 1 md. With a permeability of 0.1 md, which is a typical permeability for the formation, there is very little effect of convection on species distribution when results are compared with the free-convection case.
In the wells, the aspect ratio is tubing diameter/tubing length≈ 0.15 m/5000 m‫01×3ס‬ −5 , and there is a very low horizontal temperature gradient in the formation‫01×5ס‬ −4 K/m. One may, therefore, neglect natural convection. In view of these facts, and of the fact that the analysis of the stability with pressure diffusion has not yet been established in the convection literature, we will include only diffusion processes in our modeling. The comparison of the predicted results with measured data can then verify the validity of the assumption.
Model
A theoretical model based on the powerful concepts of the thermodynamics of irreversible processes is employed to predict the unusual data described above. The model uses the expression of the diffusion flux from Ghorayeb and Firoozabadi 15 ; it incorporates the thermal diffusion factors from the model derived by Firoozabadi et al. 12 Ghorayeb and Firoozabadi 15 used: 1. the entropy production expression 16 ; 2. phenomenological laws of the thermodynamics of the irreversible processes 17, 18 ; 3. Onsager's reciprocal relations 17, 18 ; and 4. equilibrium thermodynamics at a local level 16 ). Detailed expressions of the above coefficients are provided by Ghorayeb and Firoozabadi. 15 Eq. 2 can also be written as: 15 
Fig. 5-Measured data at four different depths from Well AK1. (᭹) represents the mole fraction of methane (a), mole fraction of heptane-plus (b), density (c), and pressure (d). (᭺) represents the measured dewpoint pressure (d).
where L ≡ [L ij ] is the matrix of the phenomenological coefficients. 15 The symbols in Eq. 3 are defined by
In these expressions, R, f i , and ␦ ij denote the universal gas constant, the fugacity of component i, and the Kronecker delta, respectively; the subscript x j is defined by (x 1 ,…,x j−1 , x j+1 ,…,x n−1 
. (4)
The column vector Q is given by
Q* i ‫ס‬the net heat of transport of component i given by Firoozabadi et al.
where ⌬U i ‫ס‬is the partial molar internal energy departure of component i and i ‫⌬ס‬U , Eq. 7 can be written at depth z m to obtain the unknowns using a forward first-order finite-difference scheme , respectively. This procedure converges quadratically everywhere in the vertical column except when crossing a vapor-liquid interface. Because of the discontinuity of composition and pressure gradient across a vaporliquid interface, a special numerical treatment is used for convergence. Assume that the mixture at z m−1 is liquid. After each Newton iteration, the state of the intermediate solution is tested (whether it is single-or two-phase). Once we find that the intermediate solution is in a two-phase state, it is forced to come back to the single-phase state by selecting the liquid-phase composition as an intermediate solution. We repeat the process a fixed number of times (say, 30 times); if the mixture is still in a two-phase state, the implication is that there is a phase change through an interface.
If the transition from liquid to vapor occurs between depths z m0 and z m0+1 , we assume isothermal conditions between the two depths, which is a good approximation, provided that z m0+1 -z m0 is very small. The isothermal assumption implies that the temperatures at point z m0 and z m0+1 are equal and allows the use of Eq. 8 for calculating the solution at z m0+1 . The numerical solution of Eq. 8 at z m0+1 (starting from the solution at z m0 as the initial guess) converges, provided that the state of the intermediate solution is tested at each Newton iteration; when the two-phase region is encountered, the vapor phase is selected as the appropriate state. Table 1 presents composition and other relevant information for the reference interval in Well AK1 selected as the reference point (the depth of the reference point is the middepth of the reference interval). The sample contains small amounts of nitrogen and carbon dioxide, which are added to methane. The critical parameters and the acentric factor of C 30+ are slightly adjusted to match the measured constant volume depletion (CVD) data. 20 The agreement between data and calculations is very good, except for the dewpoint pressure, where calculations using the Peng Robinson equation of state (PR-EOS) 19 provide a value about 20 bar lower than the measured dewpoint pressure. The critical parameters are from the Cavett correlation 21 ; the critical temperature, the critical pressure, and the acentric factor for C 30+ are T c ‫5.019ס‬ K, p c ‫26.8ס‬ bar, and ‫.59.1ס‬ To match the measured CVD data with the calculations from the PR-EOS, T c , p c , and of C 30+ are decreased 9, 18, and 25%, respectively. 22 The temperature varies almost linearly vs. depth as previously discussed. Fig. 6 shows the model results together with data. The agreement between model predictions and data is good for methane (Fig. 6a) , heptane-plus (Fig. 6b), and density (Fig. 6c) . However, the agreement between dewpoint data and the predictions is not good (Fig. 6d) . This is to be expected because even at the reference point, the predicted dewpoint is some 20 bar lower than the measured value. For z>3941 mSSL, the predicted hydrocarbon mixture exhibits a dewpoint pressure behavior (Fig. 6d) . At z‫1493ס‬ mSSL, a transition dewpoint pressure/bubblepoint pressure behavior is predicted. The transition vapor-liquid causes a significant increase in density (Fig. 6c) without a distinct vapor-liquid interface; composition and pressure gradient are continuous in the formation. Note that without thermal diffusion, methane and heptaneplus segregate toward the top and the bottom of the formation, respectively (results are not shown). It is only because of the strong effect of thermal diffusion that this opposite effect is observed.
Results and Discussion
One main purpose of this work is to predict data in Fig. 2 using our diffusion model and relate the observed well tubing data to those in the formation. In the following, we present results from Wells MY1 and NM1 because recent samples from these two wells at shut-in conditions are available. Table 2 presents composition and other relevant data at the reference point for these two wells.
In view of the large variation of the molecular weight of C 30+ across a vertical column of 5 km, we assume that C 30+ molecular weight varies linearly with its mole fraction. The slope and the constant of this linear variation are determined from data at the reference point, and assuming that, when the mole fraction of C 30+ becomes very small, the molecular weight of C 30+ is equal to that (a), (b), (c), and (d) is not part of the hydrocarbon formation. of C 30 . The C 30+ critical properties and acentric factor are not adjusted, however, for the change in the molecular weight. The values (see Eq. 5) in Table 1 are for the critical region (in the formation). Above the formation in the well tubing, the fluid moves away from the critical region as depth decreases. We assume that used for calculating the thermal diffusion coefficients varies linearly vs. depth with values at the bottom of the well equal to those in Table 1 ; at the top of the well (far from the critical conditions), i ‫,0.4ס‬ i‫,1ס‬ n. 23 A constant value i ‫,0.4ס‬ i‫,1ס‬ n from Ghorayeb and Firoozabadi 24 provides results that are in good agreement with data. Note that because of the assumptions in deriving the expression for the thermal diffusion factors in the critical region, 23 the adjustment of the values is justified in the manner performed in this work. Fig. 7 depicts density and pressure vs. depth from the data and the model for Wells MY1 (Fig. 7, left) and NM1 (Fig. 7, right ). An excellent agreement between density and pressure data and theory is observed. In order to analyze the results, we calculate the saturation pressure along the 5-km-deep vertical wells; the results are presented in Figs. 7a and 7c . Results from the saturation pressure calculation show that there exists liquid in the middle of the well tubing and vapor at the bottom and at the top. A transition vaporliquid (without a distinct vapor-liquid interface) occurs in the lower part of the well tubing (Figs. 7a and 7c) , as already shown in the previous section. Composition and pressure gradient are continuous when crossing this transition; the mixture changes from a dewpoint pressure to a bubblepoint pressure behavior. This transition occurs at z‫1083ס‬ and z‫0553ס‬ mSSL for MY1 and NM1, respectively. A liquid leg exists for 2465<z<3801 and 2775<z<3550 mSSL for MY1 and NM1, respectively. Density reaches a maximum at z‫5642ס‬ and z‫5772ס‬ mSSL for Wells MY1 and NM1, respectively, as shown in Figs. 7b and 7d . At the top, a liquid-vapor transition occurs through a distinct vapor-liquid interface where composition and pressure gradient are discontinuous. Density is, consequently, discontinuous at this depth; it drops from 583.5 to 319.5 kg/m 3 for Well MY1. Note that the dewpoint pressure increases with depth for z<2775 mSSL while it decreases with depth for z>3801 mSSL. This is the first report of such a behavior for dewpoint pressure vs. depth in the literature for a hydrocarbon formation.
For further investigation of the correspondence between density and phase state, we calculated the phase envelopes (pressuretemperature diagrams) for five representative samples in the shutin Well MY1: one sample from each of the three regions described above and depicted in Fig. 7 , as well as two other samples corresponding to the limit of the vapor and liquid regions (which meet at the vapor-liquid interface around the middle of the well tubing). The results are shown in Fig. 8 . The temperature for samples (II) and (III) is less than the critical temperature (liquid region), while it is greater than the critical temperature for sample (I) (vapor region). Note that the critical point for the top two samples (IV and V), if it exists, should be to the left of the solid circles in the pressure-temperature diagrams. In summary, model results, which are in excellent agreement with data, show a unique behavior: the shut-in well tubing consists of three regions:
• Vapor in the lower part where the dewpoint pressure decreases with depth.
• Liquid in the middle where the bubblepoint pressure increases with depth.
• Vapor in the upper part where the dewpoint pressure increases with depth.
The expressions used in our calculations are mainly based on the relations derived from the thermodynamics of irreversible processes. This work shows clearly the usefulness of the thermodynamics of irreversible processes in the understanding of unusual fluid distributions in hydrocarbon reservoirs. 
